Introduction
============

Nanotechnology is a rapidly growing area of studies that utilizes biosynthetic and environmental-friendly technology for the purpose of synthesis of zinc oxide nanoparticles (ZnO NPs), which are known to be nontoxic, chemically stable, biocompatible, and could be used as drug carriers,[@b1-ijn-14-087] cell imaging agents,[@b2-ijn-14-087] anticancer agents,[@b3-ijn-14-087] antimicrobials,[@b4-ijn-14-087] biosensors,[@b5-ijn-14-087] antidiabetics,[@b6-ijn-14-087] and cosmetics,[@b7-ijn-14-087] because of their novel physicochemical properties. Biocompatibility of zinc has been attributed to its presence in human system as the second most common and essential trace elements after iron with diverse role in body metabolic activities, and it is the fourth most commonly consumed metals worldwide.[@b8-ijn-14-087] The physical and chemical methods that are used for the synthesis of metal oxide NPs are expensive and toxic, and antagonistic chemicals are used as a stabilizing agent.[@b9-ijn-14-087] Metals oxide NPs modifications could be achieved by substitution with specific atoms, which then enhance optical, mechanical, and electrical properties of materials by changing their chemical surface properties.[@b10-ijn-14-087] ZnO NPs have recently gained special attention due to their hexagonal phase, n-type semiconductor, and wurzite structure.[@b11-ijn-14-087] Green biosynthesis of ZnO NPs is simple, viable, and cost-effective and provides high yield with novel physical appearance, compared with other NPs such as silver, gold, titanium, and nickel.[@b12-ijn-14-087]

Recent studies have demonstrated the antibacterial potential of ZnO NPs through disruption of the cell membrane integrity, against extended-spectrum beta-lactamase-producing bacteria *Klebsiella pneumonia* and *Escherichia coli*.[@b13-ijn-14-087] It has been recommended that ZnO NPs could retard *E. coli* growth through disorganizing the bacterial cell membrane, which increases permeability of the NPs through the membrane, leading to its accumulation in the cytoplasm and cell disruption.[@b14-ijn-14-087] However, some microorganisms appear to show strong resistance against ZnO, but ZnO NPs showed strong antimicrobial activities on certain pathogenic bacteria such as *Salmonella enteritidis*, *Listeria monocytogenes*, *Bacillus subtilis*, *Staphylococcus aureus*, and *E. coli*.[@b15-ijn-14-087]--[@b17-ijn-14-087] Medicinal plants are known to possess vitamins, terpenoids, and phenolic compounds that have antioxidant potentials,[@b18-ijn-14-087] but literature showed that synthesized NPs using medicinal plants as dispersing agents display more antioxidant activity in vitro.[@b19-ijn-14-087] Suresh et al reported ZnO NPs synthesized using *Cassia fistula* to exhibit significant antioxidant activities through scavenging of 1, 1-diphenyl-2-picrylhydrazil (DPPH) radicals.[@b20-ijn-14-087] Investigations on the cytotoxic activity of ZnO NPs demonstrate cytotoxic effect against cancerous cells and normal cells including lung epithelial cells[@b21-ijn-14-087] and human lens epithelial cells.[@b22-ijn-14-087] Green synthesis of ZnO NPs using various medicinal plants including *Costus pictus* D. Don,[@b23-ijn-14-087] *Pongamia pinnata*,[@b24-ijn-14-087] *Vitex negundo*,[@b25-ijn-14-087] and *Cassia auriculata*[@b26-ijn-14-087] has been reported to exhibit cytotoxic activity.

*Albizia lebbeck* is a tropical species that belongs to *Albizia* genus, mostly growing to an average height of 24 m, trunk width of 50 cm, and seed pods that contain 6--12 seeds. The plant is widely distributed in Australia, Asia, Africa, and Southern America.[@b27-ijn-14-087] The seeds of the plant demonstrate anti-tumor, antifungal, and antibacterial activities against HepG2 hepatoma cells, fungi *Rhizoctonia solani*, and *E. coli*.[@b28-ijn-14-087] The leaves of the plant contain phytochemicals such as flavonoids, tannins, alkaloids, triterpenoid saponins, and cardiac glycosides that have therapeutic value.[@b29-ijn-14-087]

In the present study, cost-effective green synthesis of ZnO NPs using *A. lebbeck* aqueous extract as a capping agent and their characterization using various spectroscopic techniques are reported. The antibacterial activity of the synthesized NPs was studied against five pathogenic microorganisms: two gram-positive (*Bacillus cereus* and *S. aureus*) and three gram-negative (*E. coli*, *K. pneumoniae*, and *Salmonella typhi*). The in vitro free radical scavenging activity of ZnO NPs was assessed by hydrogen peroxide (H~2~O~2~) free radical scavenging assay. Furthermore, we investigated antiproliferative and cytotoxic activities of the NPs against human breast cancer lines MDA-MB 231 and MCF-7. The results are reported and images are presented.

Materials and methods
=====================

Preparation of *A. lebbeck* extract
-----------------------------------

Fresh stem barks of *A. lebbeck* were collected from Gaya Local Government Area, Kano State (Nigeria: 11° 52′ 5″ N and 9° 0′ 40″ E) and authenticated by a botanist at the herbarium of the Department of Plant Biology, Bayero University Kano, Nigeria. The specimen was given a voucher number BUKHAN187 and was deposited at the herbarium of the institute. The barks were washed properly with deionized water, shade dried, and then pulverized into coarse powder using mortar and pestle. *A. lebbeck* aqueous extract was prepared by slight modifications of the method described by Suresh et al.[@b20-ijn-14-087] Briefly, the extraction was performed using water as a solvent in which 20 g of the coarse powder was soaked in 100 mL deionized water in a conical flask and was heated in a water bath under constant shaking at 45°C for 24 hours. The extract was then filtered using Whatman No 1 filter paper and the filtrate was stored at 4°C until used.

Synthesis of ZnO nanoparticles
------------------------------

ZnO NPs were prepared successfully using *A. lebbeck* aqueous extract by the method of Elham Zare et al with slight modifications.[@b30-ijn-14-087] The ZnO NPs were synthesized using 0.01M, 0.05M, and 0.1M Zn(NO~3~)~2~⋅6H~2~O solution in 90 mL distilled water; then, 10 mL of the prepared *A. lebbeck* extract was added dropwise into the zinc nitrate solutions under constant stirring at 60°C for 5 hours to achieve a complex formation, and NaOH (5M) was added to the solution during stirring process to adjust the pH. Both the extract (control) and the mixture (zinc nitrate + extract) were then calcined at 350°C±10°C for 2 hours in a muffle furnace to obtain ZnO NPs.

Characterization
----------------

The synthesized ZnO NPs were characterized using various spectroscopic and microscopic techniques. UV--visible spectrum was evaluated using UV--Visible spectrophotometer (Shimadzu UV-2450) and the spectrum was recorded between 300 and 800 nm. Hydrodynamic (Z-average) size and polydispersity index (PDI) of the synthesized ZnO NPs were evaluated by Zeta sizer instrument (Malvern Zetasizer Nano ZS90), and the results were acquired by the Malvern ZS nano software. Fourier transform infrared (FTIR) analysis of the NPs was carried out with Fourier transform spectrometer (Shimadzu FT-IR Prestige-21 Model) at a frequency range of 4,000--500 cm^−1^. Crystalline structure was analyzed using X-ray diffractometer (Rigaku ZSX Primus II). Morphological analysis of the synthesized ZnO NPs coated with platinum was carried out using scanning electron microscope (SEM) (JOEL JSM 6335-F) equipped with 150 kV acceleration voltage, and energy-dispersive X-ray spectroscopy (EDS) (Oxford Instruments AZTEC EDS) attached to the same instrument was used to ascertain the elemental composition and purity of the synthesized ZnO NPs.

Antimicrobial activity
----------------------

Evaluation of antimicrobial activity of *A. lebbeck* ZnO NPs against five pathogenic microorganisms -- two gram-positive, *B. cereus* (ATCC 7064) and *S. aureus* (6538 P), and three gram-negative, *E. coli* (O157:H7), *K. pneumoniae* (ATCC 27738), and *S. typhi* (B-4420) -- was carried out on Muller--Hilton agar dishes using disc diffusion method.[@b31-ijn-14-087] Ciprofloxacin (10 µg/disc) was used as a standard and sterile blank disc with 5 mm diameter infused with known concentration of ZnO NPs, extracts, and dimethylsulfoxide (DMSO) was used to ascertained the antibacterial activity. Pure culture of the microorganisms was provided by the Department of Food Engineering Laboratory, Faculty of Engineering, Ege University, Turkey.

Antioxidant activity
--------------------

Antioxidant activity was carried out by hydrogen peroxide (H~2~O~2~) free radical scavenging assay using the method of Pick and Mizel with some modifications.[@b32-ijn-14-087] Briefly, various concentrations (100, 75, 50, 25, 12.5, and 6.25 µg/mL) of the synthesized ZnO NPs, extract, and ascorbic acid as standard, were mixed with 100 µL H~2~O~2~ solution (5 mM), and the absorbance was read at 230 nm after 20 minutes of incubation. PBS without hydrogen peroxide was used as a blank solution. The percentage inhibition of H~2~O~2~ scavenging was calculated using the following equation: $$\% H_{2}O_{2}\ \text{free~radicals} = \left\lbrack {1 - \left( \frac{A_{s}}{A_{c}} \right)} \right\rbrack \times 100$$where *A~c~* is the absorbance of control and *A~s~* is the absorbance of sample.

Cell culture
------------

Breast cancer cell lines MDA-MB 231 and MCF-7 were obtained from Professor Dr Mustafa Djamgoz (Imperial College London, UK), and the use of the cell lines was approved by Biotechnology Research Center Ethical Committee (BRCEC2011-01). Cells were cultured in DMEM (Gibco by Life Technology, Carlsbad, CA) supplemented with 10% 2 mM [l]{.smallcaps}-glutamine, and penicillin/streptomycin. The cells were constantly maintained under cell culture conditions of 37°C and 5% CO~2~ in a humidified chamber. All the chemicals used for the cell culture are of analytical grades.

Cytotoxicity and proliferation assay
------------------------------------

Cytotoxic activity of the ZnO NPs was evaluated by tryphan blue dye exclusion assay on breast cancer cell lines MDA-MB 231 and MCF-7.[@b33-ijn-14-087] The assay was performed to determine whether the ZnO NPs have toxic effect on the cell lines. The cells were plated in 35 mm dishes, incubated overnight, and treated with various concentrations (100, 50, 25, and 5 µg/mL) of the synthesized ZnO NPs. After the treatment, tryphan blue dye (4%) was added into the 35 mm cell culture dishes and incubated for 10 minutes. Thirty random fields of view with at least 20 cells in each field were viewed at 100× using an inverted microscope (Leica DFC295) and the number of live vs dead cells was determined.

Antiproliferative activity of the synthesized ZnO NPs was analyzed using MTT reagent (Sigma-Aldrich) as previously described by Fraser et al with slight modifications.[@b34-ijn-14-087] Briefly, cells (MDA-MB 231 and MCF-7) were plated in 12-well Falcon tissue plates at a density of 3×10^4^ cells/well in 1 mL DMEM and allowed to settle overnight. After that, the DMEM was removed and replaced with various concentrations of ZnO NPs viz., 5, 25, 50, and 100 µg/mL (minimum three wells per each concentration), and then incubated for 24 hours. After the treatment periods, the medium was removed, and 0.15 mL MTT was added to 0.6 mL fresh medium. The plates were then wrapped in foil and incubated at 37°C for 3 hours. The medium containing the MTT was substituted with 0.89 mL DMSO and 0.11 mL glycine buffer. Absorbance was measured using Absorbance Microplate Reader (ELX 800™) at a wavelength of 570 nm after 10 minutes.

Statistical analysis
--------------------

Data are given as means ± standard errors of the mean (SEM). Graphical representations and statistical analysis were done using OriginPro (version 2016) and InStatGraphPad software (version 3). Statistical comparisons were determined using one-way ANOVA followed by Tukey--Kramer multiple comparison test, where necessary. All the experiments were carried out in triplicate and repeated at least three times (n≥3). *P*\<0.05 was considered significant or *P*\>0.05 insignificant and *P*\<0.0001 was considered highly significant.

Results and discussion
======================

In this present study, ZnO NPs were rapidly synthesized using *A. lebbeck* stem bark extract as bioreductant.

UV--vis spectroscopy was employed to analyze the formation of ZnO NPs from zinc nitrate solution, since there is a visible color change (from dark brown to light brown) that occurred, which indicates the formation of ZnO NPs ([Figure 1](#f1-ijn-14-087){ref-type="fig"}). Intensity of the light brown color of the NPs increased with increase in the concentration of zinc nitrate, which could be due to the excitation of surface plasmon vibrations.[@b35-ijn-14-087]

UV--visible absorption of the synthesized ZnO NPs with various concentrations of zinc nitrate and pH at different incubation periods are shown in [Figure 2A and B](#f2-ijn-14-087){ref-type="fig"}. The results of our study show that the absorption peak for the synthesized ZnO NPs is 368 nm, and is in conformity with the range of light absorption of ZnO NPs, which is 360--380 nm.[@b36-ijn-14-087] Elham Zare et al reported the biosynthesis of ZnO NPs using cumin seeds and zinc nitrate, with an average size of 7 nm and UV-- vis absorption peak at 370 nm.[@b30-ijn-14-087] Additionally, Singh et al also reported the green synthesis of ZnO NPs using *Pseudomonas aeruginosa* and zinc nitrate, with a size between 35 and 80 nm and UV--vis absorption at 360 nm.[@b37-ijn-14-087] Also, some physicochemical parameters such as concentration of metal ions, pH, and incubation period were studied to determine the suitable condition for the synthesis of ZnO NPs ([Figure 2A and B](#f2-ijn-14-087){ref-type="fig"}). Increasing the concentrations of the metal ions (zinc nitrate) from 0.01 to 0.1M did not directly show any significant effect on the absorption peak but it revealed effect on the intensity of the synthesized ZnO NPs with increased metal ion concentrations. The pH was regulated using 0.1M NaOH and 0.1 HCl. At pH 4, 6, and 8, the nanoparticle was synthesized but there was a slight shift in the absorption intensity of the synthesized ZnO NPs; however, at pH 10, no effect on both the intensity and the absorption peak of the nanoparticle was observed. Nagarajan et al revealed that, at lower pH 4--5 and higher pH 10, ZnO NPs synthesized using seaweed did not show absorption.[@b36-ijn-14-087] The presence of absorption peaks at those pH in our study could be a result of high carboxylic acid content present in *A. lebbeck* stem bark extract.[@b29-ijn-14-087] Similarly, measuring the UV--vis spectra of the synthesized ZnO NPs at different time intervals after the synthesis did not show any effect on the absorption peak and intensity ([Figure 2A](#f2-ijn-14-087){ref-type="fig"}), and it reflects the stability of the synthesized ZnO NPs as suspension after 24 hours.

Hydrodynamic size distribution results of the ZnO NPs were obtained by the dynamic light scattering analysis of the particles to confirm the synthesis of the NPs; the *Z*-average size of the 0.05M and 0.1M ZnO NPs was 82.31 nm and average PDI was 0.262 ([Figure 3A and B](#f3-ijn-14-087){ref-type="fig"}). The *Z*-average of 0.01M synthesized NPs was 110 nm, and PDI was 0.326 ([Figure 3C](#f3-ijn-14-087){ref-type="fig"}). Our zeta sizer results clearly reveal that the synthesized ZnO NPs are monodispersed in nature due to their broad size distribution and show PDI values of \<0.7, and this confirmed the monodispersity of ZnO NPs.[@b38-ijn-14-087] Particle size can be elucidated more with transmission electron microscope or SEM.[@b39-ijn-14-087] The result obtained was almost similar to our SEM data.

FTIR analysis of the synthesized ZnO NPs was carried out at room temperature and a frequency range between 400 and 4,500 cm^−1^. The FTIR spectra show the composition of the bioactive molecules of *A. lebbeck* and their distribution on the surface of the ZnO NPs. Synthesized ZnO NPs and *A. lebbeck* spectra, shown in [Figure 4](#f4-ijn-14-087){ref-type="fig"}, revealed the different absorption bands of the NPs and the plant extract, respectively. Wide absorption bands around 3,356 cm^−1^ were associated with O--H bending of the water molecules, which were adsorbed on the sample.[@b40-ijn-14-087] FTIR spectrum of the ZnO NPs (0.01M, 0.05M, and 0.1M) prepared with the *A. lebbeck* extract absorbed at 1,402, 1,115, 1,030, and 618 cm^−1^. The absorption peak at 1,402 cm^−1^ correspond to C=CH stretching of methyl group, and 1,030 cm^−1^ implies the presence of C=O amide band of aliphatic carboxylic acid. The absorption peak observed at 1,030 cm^−1^ can be attributed to C--O of primary saturated alcohol. The bands observed at 618 cm^−1^ correspond to Zn--O bond, which confirms that the synthesized nanoparticle is a ZnO NP.[@b41-ijn-14-087] Our FTIR analysis revealed that carboxylic acid and alcoholic compounds are capable of binding metals, and may form metal NPs through stabilizing the medium and preventing agglomeration.[@b23-ijn-14-087]

Phase purity of the various concentrations of the biosynthesized ZnO NPs using *A. lebbeck* extract was studied using X-ray diffraction (XRD). [Figure 5](#f5-ijn-14-087){ref-type="fig"} shows the XRD spectrum of the biosynthesized ZnO NPs. The main peaks obtained at 100, 002, 101, 102, 110, 103, 112, 004, and 104 correspond to Bragg reflections with 2θ values of 31.70°, 34.34°, 36.16°, 47.54°, 56.48°, 62.78°, 67.66°, 72.53°, and 76.58° respectively. The presence of the peaks confirms the formation of highly purified ZnO NPs. Synthesized ZnO NPs using various concentrations of 0.01M, 0.05M, and 0.1M reveal similar XRD spectrum pattern. The XRD spectrum obtained indicates the absence of impurities. Furthermore, the pattern shows that the ZnO NPs were synthesized using natural source.[@b30-ijn-14-087]

The surface morphology of synthesized ZnO NPs was explored using SEM. Typical SEM micrographs display many agglomerated particles with irregular spherical morphology, and the various concentrations of 0.1M, 0.05M, and 0.01M ZnO NPs reveal average diameter sizes of 66.25, 82.52, and 112.87 nm, respectively ([Figure 6A--C](#f6-ijn-14-087){ref-type="fig"}). The ZnO NPs appear to be more agglomerated, and some of the crystals are more visible in [Figure 6A](#f6-ijn-14-087){ref-type="fig"}. In [Figure 6B](#f6-ijn-14-087){ref-type="fig"}, the particles reveal slight agglomeration of zinc oxides and appear to be elongated and hexagonal shaped, and some particles in [Figure 6C](#f6-ijn-14-087){ref-type="fig"} appear to be elongated and rod-like shaped. Raut et al synthesized ZnO NPs using *Ocimum tenuiflorum* extract, which revealed hexagonal and rod-shaped NPs with size ranging between 11 and 25 nm.[@b42-ijn-14-087]

Energy-dispersive X-ray (EDX) spectra revealed the surface chemical composition of the synthesized ZnO NPs. Three clear signals of Zn and one signal of C, O, Na, P, and K were observed in both particles, but there is a presence of an additional signal of S in 0.05M and two signals of Mg and Cl in 0.01 ZnO NPs ([Figure 6D--F](#f6-ijn-14-087){ref-type="fig"}). The presence of small signals of C, O, P, K, S, Mg, and Cl in the EDX spectrum confirmed the presence of the bioactive compounds of *A. lebbeck* stem bark on the surface of the synthesized ZnO NPs, and the Na signal in both particles could as a result of pH regulation during the synthesis of the NPs. Elemental mapping analysis of the synthesized ZnO NPs revealed 37% distribution of zinc in 0.1M, 25.2% in 0.05M, and 5.4% in 0.01M. The EDS results revealed the highest proportion of zinc in 0.1M and 0.05M, and could ascertain the green synthesis of ZnO NPs. Additionally, the optical absorption signals of zinc shown by the synthesized ZnO NPs were due to plasmon resonance of ZnO NPs.[@b36-ijn-14-087]

Antimicrobial activity
----------------------

The results of the antimicrobial activities of the synthesized ZnO NPs, extract, zinc nitrate solution, DMSO, and antibiotics evaluated using agar disc diffusion method against five pathogenic bacterial strains are shown in [Table 1](#t1-ijn-14-087){ref-type="table"}.

While analyzing the antimicrobial activities of the synthesized ZnO NPs, we observed that the inhibitory effects of 0.1M ZnO NPs against *B. cereus* and *S. typhi* revealed no significant difference when compared with those of ciprofloxacin (standard), and significant differences were observed against *S. aureus*, *E. coli*, and *K. pneumoniae* ([Table 1](#t1-ijn-14-087){ref-type="table"} and [Figure 7](#f7-ijn-14-087){ref-type="fig"}). The lower concentrations of ZnO NPs demonstrated moderate inhibitory effect against both gram-negative and gram-positive bacteria tested. The *A. lebbeck* aqueous extract showed mild activity, and zinc nitrate solution revealed moderate to mild activity against all the bacterial strains tested. DMSO used a solvent did not demonstrate any antibacterial activity ([Table 1](#t1-ijn-14-087){ref-type="table"}).

The results revealed that gram-negative bacteria are less resistant to ZnO NPs treatments than gram-positive bacteria, and this could attributed to the presence of a thick layer in the cell walls (peptidoglycan) of the latter group. Sinha et al studied the effect of ZnO NPs on halophilic and mesophilic bacterial species and revealed that *Enterobacteria*, which is gram-negative, is more sensitive to these NPs than *B. subtilis*, which is gram-positive bacteria; They concluded that the resistance in gram-positive bacteria is due to the presence of a thick layer of peptidoglycan in their cell wall.[@b43-ijn-14-087] Elham Zare et al also found a strong antibacterial potential against gram-negative bacteria using ZnO NPs synthesized from cumin seeds, and concluded that the slight resistance of gram-positive bacteria is due the presence of a thick layer of peptidoglycan in their cell wall,[@b30-ijn-14-087] which is similar to the results achieved in this study. It has been reported that binding of zinc ion to the bacterial cell membrane and production of reactive oxygen species (ROS) inside the cell result in the disruption of the cell.[@b30-ijn-14-087]

Antioxidant activity
--------------------

Antioxidant activity of the nanoparticles was studied using H~2~O~2~ free radical scavenging assay.

The results of the antioxidant activities of the ZnO NPs analyzed spectrophotometrically using H~2~O~2~ free radical scavenging assay are shown in [Figure 8](#f8-ijn-14-087){ref-type="fig"}. The H~2~O~2~ activity of ascorbic acid, 0.1M ZnO NPs, 0.05M ZnO NPs, 0.01M ZnO NPs, and extract revealed IC~50~ values of 45.7, 48.5, 48.7, 60.2, and 66.6 µg/mL, respectively. Additionally, 0.1M ZnO NPs revealed the highest percentage inhibition among the NPs, followed by 0.05M ZnO NPs. The percentage inhibition shown by 0.1M ZnO NPs is close to that of ascorbic acid (standard), which could be due to increase in zinc ion concentration. The synthesized ZnO NPs revealed a concentration-dependent effect in H~2~O~2~ free radical scavenging activity. The extract revealed the lowest antioxidant activity as shown in [Figure 8A](#f8-ijn-14-087){ref-type="fig"}. Increase in the antioxidant activity of the biosynthesized ZnO NPs when compared with the plant might be a result of metal ions present in the particles; the possible predicted mechanism is illustrated in [Figure 8B](#f8-ijn-14-087){ref-type="fig"}. It has been reported that enzymes utilizing metal ion (Zn) as a cofactor scavenge H~2~O~2~ free radicals, and the presence of Zn ion in particles might be responsible for higher H~2~O~2~ free radical scavenging activity when compared with the plant.[@b44-ijn-14-087] Parashant et al revealed that phenolic compounds present in plant extracts always demonstrated high antioxidant activity and they plays an important role in the green synthesis of nanoparticles.[@b45-ijn-14-087]

In vitro cytotoxic and antiproliferative activity
-------------------------------------------------

ZnO NPs were screened for cytotoxic activity against strongly metastatic and weakly metastatic breast cancer (BCa) cell lines, MDA-MB 231 and MCF-7 cells, respectively. Tryphan blue exclusion assay was carried out to ascertain the effects of different concentrations (5, 25, 50, and 100 µg/mL) of 0.1M, 0.05M, and 0.01M ZnO NPs on the viability of MDA-MB 231 and MCF-7 cells after 24-hour incubation period. The results showed that synthesized ZnO NPs significantly inhibited the viability of MDA-MB 231 cells with increased concentration when compared with control (*P*\<0.001, n≥3, [Figure 9A](#f9-ijn-14-087){ref-type="fig"}). Typical phase-contrast light-microscopy images of ZnO NPs-treated MDA-MB 231 cells and controls obtained from tryphan blue assays are shown in [Figure 9E](#f9-ijn-14-087){ref-type="fig"}. Higher concentration of 100 µg/mL for 0.1M, 0.05M, and 0.01M ZnO NPs decreased MDA-MB 231 viability to 53.6%, 60.1%, and 66.2%, respectively.

Synthesized ZnO NPs similarly revealed cytotoxic effects on the viability of MCF-7 cells in a concentration-dependent manner as shown in [Figure 9B](#f9-ijn-14-087){ref-type="fig"}. The 0.1M ZnO NPs revealed higher cytotoxic effects than 0.05M and 0.01M, which might be due to higher percentage of zinc in the nanoparticles. The 5 µg/mL dose of 0.05M and 0.01M synthesized ZnO NPs showed extremely significant difference when compared with control (*P*\<0.001, n≥3, [Figure 9B](#f9-ijn-14-087){ref-type="fig"}), but a similar concentration of 0.1M ZnO NPs revealed significant difference upon comparison with the control (*P*\<0.001, n≥3, [Figure 9A](#f9-ijn-14-087){ref-type="fig"}). Additionally, all the concentrations of ZnO NPs used in our study showed significant activity against MCF-7 cells when compared with control (*P*\<0.5, n≥3, [Figure 9A and B](#f9-ijn-14-087){ref-type="fig"}). Typical phase-contrast light-microscopy images of ZnO NPs-treated MCF-7 cells and controls obtained from tryphan blue assays are shown in [Figure 9F](#f9-ijn-14-087){ref-type="fig"}. ZnO NPs showed a cytotoxic effect against colon cancer cell lines HT29, and the effect was found to increase with increased particle concentration.[@b46-ijn-14-087] Prashant et al reported the cytotoxic effect of ZnO nanopowders synthesized using *Punica granatum* and *Tamarindus indica* L. by combustion-assisted facile process against MCF-7 Bca cell line; the cytotoxic effects were found to be concentration dependent,[@b45-ijn-14-087] and the results were similar to those obtained in our studies.

The study also revealed effect on cell number as a confirmation of the cytotoxic effect of synthesized ZnO NPs on MDA-MB 231 and MCF-7 human Bca cell lines. Synthesized ZnO NPs of 0.1M, 0.05M, and 0.01M showed a significant decrease in the proliferation of both cell lines when compared with control (*P*\<0.001, n≥3, [Figure 9C and D](#f9-ijn-14-087){ref-type="fig"}). The effects of the NPs on cell number following 24 hours incubation period were also found to be concentration dependent. High reduction in the cell number of both cell lines was observed with 0.1M ZnO NPs in a concentration-dependent manner and 100 µg/mL inhibit the cell number of MDA-MB 231 and MCF-7 with 76.8% and 80.2%, respectively; this finding served as a confirmation for the cytotoxic effect as determined by tryphan blue assay. Metal ion NPs and their peptide conjugates inhibit endothelial cell angiogenesis and proliferation through binding to endothelial growth factor, mitogens, and mediators of angiogenesis.[@b32-ijn-14-087]

Membrane blebs were also observed on MDA-MB 231 and MCF-7 cells treated with ZnO NPs synthesized using *A. lebbeck* stem bark, following 48 hours of incubation ([Figure 9G and H](#f9-ijn-14-087){ref-type="fig"}). This may possibly indicate an alternative apoptotic mechanism experienced by MDA-MB 231 and MCF-7 cells as membrane blebs were observed in the cells upon exposure to ZnO NPs ([Figure 9I](#f9-ijn-14-087){ref-type="fig"}). It has been reported that plasma membrane blebs are among the basic sign that indicate apoptosis in cells.[@b47-ijn-14-087] The plasma membrane blebs in our studies were also found to occur in a concentration-dependent manner as membrane blebs were not observed with the untreated cells (control) but were observed with treated cells in a concentration-dependent manner. Membrane blebbing and a decrease in cell viability observed in both cells might be a result of ROS, metal ions (Zn^+2^), and other molecules released in the culture medium by the synthesized ZnO NPs.[@b48-ijn-14-087] Hanley et al revealed that the increase in intracellular level of Zn^+2^ ions and other molecules released from ZnO NPs are correlated with an increase in ROS generation, and this will lead to apoptosis.[@b49-ijn-14-087] The summary of the whole process involved can be seen in [Figure 10](#f10-ijn-14-087){ref-type="fig"}.

Conclusion
==========

Overall, various concentrations of ZnO NPs were synthesized through a stable, simple, and eco-friendly green route via the use of *A. lebbeck* stem bark extract. The extract acts as both reducing and stabilizing agent, which was confirmed by FTIR analysis. The successful synthesis of 0.1M, 0.05M, and 0.01M ZnO NPs was confirmed by Zeta sizer, UV--vis, FTIR, XRD, SEM, and EDX analyses. The UV--vis spectroscopy revealed an absorption peak in the range of 370 nm. SEM results revealed many agglomerated particles with irregular hexagonal morphology and an average size of 66.25 nm. XRD spectrum revealed that the synthesized ZnO NPs have hexagonal wurzite structure. The biosynthesized ZnO NPs showed strong antimicrobial activity against *B. cereus*, *S. aureus*, *E. coli*, *K. pneumoniae*, and *S. typhi*. Various concentrations of the ZnO NPs demonstrated antioxidant activity. Additionally, the ZnO NPs showed significant cytotoxic effects and induction of membrane blebs on MDA-MB 231 and MCF-7 breast cancer cell lines in a concentration-dependent manner. The 0.1M ZnO NPs revealed the best biological activity compared with 0.05M and 0.01M nanoparticles and the whole process is illustrated in [Figure 10](#f10-ijn-14-087){ref-type="fig"}.
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**Notes:** (**A**) H~2~O~2~ free radical scavenging activity of the biosynthesized ZnO NPs. (**B**) Predicted mechanism of ZnO NPs formation and its H~2~O~2~ free radical scavenging activity.\
**Abbreviation:** ZnO NPs, zinc oxide nanoparticles.](ijn-14-087Fig8){#f8-ijn-14-087}

###### 

Effect of 0.1M, 0.05M, and 0.01M synthesized ZnO NPs on the (**A**) viability of MDa-MB 231 cells, (**B**) viability of McF-7 cells, (**C**) proliferation of MDa-MB 231 cells, (**D**) proliferation of McF-7 cells. (**E**) Typical phase-contrast light-microscopy images obtained from tryphan blue exclusion assay of MDa-MB 231 and (**F**) McF-7 cell lines. Typical phase-contrast light-microscopy images (20×) of plasma membrane blebs (directed by an arrow) induced by synthesized ZnO NPs on (**G**) MDA-MB 231 and (**H**) MCF-7 cell lines (**I**) Predicted mechanism behind cytotoxic activity of biosynthesized ZnO NPs using *A. lebbeck* stem bark against breast cancer lines. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.0001.

**Abbreviation:** ZnO NPs, zinc oxide nanoparticles.

![](ijn-14-087Fig9)

![](ijn-14-087Fig9a)

![Summary of the synthesis and biomedical activity of biosythesized ZnO NPs.](ijn-14-087Fig10){#f10-ijn-14-087}

###### 

Antimicrobial activity of ZnO NPs in comparison with extract, zinc nitrate solution, DMSO, and antibiotics

  Bacterial strains                     *Bacillus cereus* (mean ± SEM)                           *Staphylococcus aureus* (mean ± SEM)                     *Escherichia coli* (mean ± SEM)                          *Klebsiella pneumoniae* (mean ± SEM)                     *Salmonella typhi* (mean ± SEM)
  ------------------------------------- -------------------------------------------------------- -------------------------------------------------------- -------------------------------------------------------- -------------------------------------------------------- --------------------------------------------------------
  Standard ciprofloxacin (10 µg/disc)   10.7±0.56                                                10.3±0.56                                                14.0±0.20                                                11.0±0.30                                                12.53±0.50
  ZnO NPs (0.1M)                        8.83±0.42                                                4.50±0.30[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}   9.13±0.41[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}   7.30±0.29[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}   10.57±0.320
  ZnO NPs (0.05M)                       5.5±0.50[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}    5.67±0.29[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}   7.67±0.47[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}   3.33±0.28[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}   6.5±0.20[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}
  ZnO NPs (0.01M)                       3.33±0.29[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}   2.00±0.22[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}   4.67±0.15[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}   3.67±0.21[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}   1.00±0.10[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}
  *Albizia lebbeck* extract             1.0±0.20[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}    1.5±0.20[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}    0.3±0.15[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}    1.0±0.10[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}    0.97±0.31[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}
  Zinc nitrate solution (0.1M)          2.67±0.15[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}   2.33±0.29[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}   1.0±0.10[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}    1.33±0.21[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}   1.0±0.20[\*\*](#tfn2-ijn-14-087){ref-type="table-fn"}
  DMSO (30%)                            --                                                       --                                                                                                                --                                                       --

**Notes:** Results are presented as mean ± SEM of inhibition zone (mm) of at least triplicates (n≥3).

*P*\<0.01 vs control (standard group). (--) indicates no significant antibacterial activity.

**Abbreviations:** DMSO, dimethylsulfoxide; SEM, standard error of mean; ZnO NPs, zinc oxide nanoparticles.
